This report addresses the effects of coal-derived trace and radioactive elements. A summary of our current understanding of health and environmental effects of trace and radioactive elements released during coal mining, cleaning, combustion, and ash disposal is presented. Physical and biological transport phenomena which are important in determining organism exposure are also discussed. Biological concentration and transformation as well as synergistic and antagonistic actions among trace contaminants are dicussed in terms of their importance in mobility, persistence, availability, and ultimate toxicity. The consequences of implementing the President's National Energy Plan are considered in terms ofthe impact of the NEP in 1985 and 2000 on the potential effects of trace and radioactive elements from the coal fuel cycle. Areas of needed research are identified in specific recommendations.
Introduction
Combustion of coal for the production of electrical and thermal energy is not without attendant health and environmental effects. Numerous reports have been prepared in recent years concerning these effects relative to our current pattern of coal utilization of approximately 650 million tons per year. Most studies have dealt with specific parameters of coal utilization such as health effects of coal combustion (1) , toxicity of coal-derived trace elements (2) , effects of coal-derived trace elements on water quality (3) , and effects of coal-derived radionuclides (4) . Recently several reports have appeared addressing an integrated assessment of coal utilization (5) (6) (7) (8) The President's National Energy Plan (NEP) contains assumptions which bear directly on questions about health and environmental impacts of trace elements and radionuclides from increased coal utilization. The most important assumptions are that annual coal production will grow from 650 million tons (15.3 quads) in 1975 through 1,200 million tons (28.2 quads) in 1985 to 1,910 million tons (44.9 quads) in 2000, and that by 1985, all emission sources will be in full compliance with environmental regulations promulgated by the U.S. Environmental Protection Agency (EPA) and by individual states. The NEP is based on application of the Best Available Control Technology (BACT) being applied to all new or expanded utility and industrial boilers. As outlined in Public Law 95-95, the 1977 amendments to the Clean Air Act of 1970, BACT is to replace the New Source Performance Standards (NSPS). Although not directly addressed in the NEP, fly ash and scrubber sludge may be defined as hazardous substances under the Resource Conservation and Recovery Act of 1976. This will have a significant impact on allowable release rates from landfills and settling ponds used in fly ash disposal. The Surface Mining and Reclamation Act of 1977 will play a major role in determining coal availability by placing more stringent regulations on levels of mine drainage and on reclamation practices for both existing and new mines. The NEP assumes no advanced coal combustion or coal liquefaction before 2000. Coal gasification is assumed to contribute 1.2 quads by 1985 and 3.8 quads by 2000 with attendant solid waste and water use problems.
The objective of the present paper is to discuss the current status of our understanding of health and environmental effects of trace elements and radionuclides from coal utilization and to estimate the probable impacts of increasing coal utilization as envisioned in the NEP. A discussion of environmental and biological transport is included because transport and transformations of hazardous elements determine organism exposure and ultimate toxicity. It should be pointed out early that accurate, inexpensive analytical techniques for determining amounts and chemical forms of trace contaminants are essential to understanding and evaluating transport and effects of these materials. With the exception of transportation, which is covered elsewhere, the complete coal fuel cycle is addressed in this study.
Summary
Trace elements and radionuclides potentially hazardous to human health and ecosystems are present in coal. Trace elements of concern include, among others, As, Be, Cd, Cr, F, Hg, Ni, and Pb. Concentrations of these elements vary considerably among coal types. Radioactive elements of concern in coal include 235U, 238U, 232Th, and associated daughter products. Concentrations of radionuclides in coal are generally less variable than those of trace elements, values of 1 ppm for U and 2 ppm for Th being reasonable national averages.
Trace and radioactive elements can enter the environment prior to coal combustion through runoff from mining, cleaning, and storage operations; during combustion in atmospheric emissions of respirable particulates and volatile elements; and following combustion through runoff and leachate infiltration into ground water from bottom ash, fly ash, and scrubber sludge deposited in settling ponds and landfills. Trace contaminants released to the environment from the coal fuel cycle may result in exposure of organisms at considerable distances due to atmospheric transport of particulate and gaseous forms, or contaminants from solid wastes (ash) may reach drinking water supplies through hydrologic transport in ground and surface waters.
At nearly every point along physical transport pathways in aquatic and terrestrial environments, opportunities exist for interactions of trace elements with life forms. Organisms, especially microorganisms in aquatic environments, can absorb, concentrate, and transform trace and radioactive elements into more concentrated forms or more toxic compounds. Biotransformation of trace and radioactive elements is particularly important in determining effects on man and other organisms, since it is the molecular form of these contaminants that determines their persistence, availability, bioaccumulation, and toxicity. Bioaccumulation is of particular concern for elements such as Cd, Hg, and Pb because current intake levels for these substances are near tolerable human health limits. Ecological effects of trace and radioactive elements from the coal fuel cycle are presently or will be associated primarily with mining, cleaning, and solid waste (ash, sludge) disposal. The acidic nature of mine drainage from eastern coal fields tends to hold metal ions in solution and promotes their transport to surface and ground waters. Acid mine drainage from inactive mines in the eastern United States is the greatest single source of drainage and transport to aquatic environments, and is very difficult to control. Western coal generally lacks acid-forming substances, although increased salinity of surface and ground waters in western coal regions could become a problem due to soluble salts in mine spoils. During overburden removal for strip mining, ground water aquifers are commonly intercepted; hazardous elements may enter these disturbed aquifers. Impacts associated with elements in runoff and leachate from coal cleaning and storage are similar to but of lesser magnitude than those associated with coal mining.
Concentrations of trace contaminants in atmospheric emissions from coal-fired power plants do not appear to be a significant ecological hazard. Trace element concentrations in soils fall rapidly with distance from power plants and tend to be at background levels at distances -3 km from the plant. With installation of efficient electrostatic precipitators, atmospheric emissions of trace elements should not be acutely harmful to vegetation and other biota, especially beyond a 3 km radius. Only fluorine appears to deserve special watching. Likewise, the potential for chronic toxicity to ecosystems is relatively low, except in local areas already enriched with a particular element. However, sublethal, chronic or synergistic effects of trace elements on ecosystems have received little attention.
About 92% of particulate materials produced in utility boilers is removed by electrostatic precipitators. Fly There are several areas of uncertainty which should be pointed out. These areas are listed below; recommendations for needed research are listed at the conclusion of this report.
(1) The chemical form of trace elements is very important as a determinant of transport through the environment and of toxic effects on health and ecosystems. Most studies of coal emissions and leachates focus on simple elemental analysis. Lack of knowledge of chemical species of trace elements precludes making a confident and adequate assessment of the potential health and ecological effects of trace elements from coal utilization.
(2) Potential contamination of drinking water supplies by several toxic or radioactive elements in leachates from waste disposal presents a real public health problem. The chemical form of each element may be significantly altered by microorganisms in the physical transport process, and these chemical forms will determine the rate of environmental transport, the bioaccumulation and toxicity of these elements. Too little is known about these processes.
(3) Given that several trace elements in leachates exhibit mobilization rates that are larger than 10o of natural weathering rates, do these elements effectively remain in settling basins or are they injected into waterways and into food chains? Unquestionably, the movement of trace elements from coal combustion disposal sites should be regarded as a potentially significant health problem and bears intensive monitoring in some sites.
(4) While the ambient atmospheric loading of trace elements does not appear to be as great a potential problem as intrusion into waterways from leachates, there is a need to monitor atmospheric concentrations at selected sites. Few data exist on trace element ambient concentrations, fallout and reentrainment from disposal sites. Atmospheric and environmental levels of cadmium, fluorine, mercury, lead, arsenic (III), and possibly Cr (VI) should be particularly monitored at these selected sites.
Current Status Sources of Hazardous Elements in the Coal Fuel Cycle
Extraction, cleaning, transportation, storage, combustion or conversion, and ash disposal are the sources of trace elements and radionuclides in the coal fuel cycle (6) . These contaminants may enter the atmosphere, landscape, and hydrosphere and, depending upon physical, chemical, and biological factors, enter food chains leading to man. Contaminants introduced into the atmosphere may reach man V  30  33  29  31  33  34  35  32  35  12  15  25  9.7  Zn  17  22  15  22  23  23  140  48  73  42  37  19  9.7  Zr  63  68  60  56  44  45  88  77  100  77  39  110  39  U  (range,  < 10-30 20-190  10   -<10   -< 10-80  10 10-340 10-1000 10-6200 not avg.)
aSource: Dvorak (6) . and other animals through inhalation and plants through fumigation while those entering the aquatic and terrestrial environments reach plants and animals through root uptake and ingestion. Trace elements and radionuclides in U.S. coals have been widely studied (4, 7, 8) . Concentrations of trace elements in coal are sometimes difficult to determine accurately and tend to vary considerably among different coal types (Table 1) . Thus, it is not appropriate to compute a national average for each trace element in coal (9) . Radioactive elements in coal, 235U, 238U, 232Th, and associated daughter products, are also variable (Table 2) , but values of 1 ppm U and 2 ppm Th have been assumed to be reasonable national averages (7, 10 Trace elements of concern include Al, As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, Se, and Zn (12) . In western coal provinces acid formation is almost nonexistent, but transport of alkaline drainage containing soluble salts from mine spoils to receiving waters is one of the most significant water quality problems in those regions (13 major trace element and radionuclide sources to the environment. Terrestrial effects are generally negligible except on areas immediately below and adjacent to the piles. Ground sealing prior to establishing the coal pile can reduce infiltration into ground water (14). Contamination of aquatic environments from runoff from coal piles is similar to but of lesser magnitude than that from acid mine drainage. Coal combustion produces fly ash and slag or bottom ash as solid waste products. Slag is that portion of total ash which melts to a viscous fluid at combustion temperatures, and bottom ash is the remainder that does not melt and is too heavy to be entrained in flue gas. The amount of slag and bottom ash produced in combustion is a function ofcoal type and boiler design. Bottom ash is generally mixed with fly ash and pumped in a slurry to settling ponds or dewatered and transported to landfills. Settling ponds are sometimes lined with clay to reduce leachate movement into ground water (14). In the absence of liners, trace elements and radionuclides in leachates can move into underlying soil and ground water (15) and are subject to a variety of chemical, physical, and biological factors that govern their mobility and availability in the environment.
Trace elements in coal tend to partition or concentrate in certain phases during combustion. Klein et al. (16) categorized trace elements into three classes: (1) elements that are not volatilized in the combustion zone, but instead form a melt that becomes both fly ash and slag (Al, Ba, Ca, Ce, Co, Eu, Fe, Hf, K, La, Mg, Mn, Rb, Sc, Sm, Sr, Ta, Th, Ti); (2) elements that are volatilized on combustion, and condense or adsorb on the fly ash as the flue gas cools, leading to depletion from slag and concentration in the fly ash (As, Cd, Cu, Ga, Pb, Sb, Se, Zn); and (3) elements that remain almost completely in the gas phase (Hg, Se, Cl, Br). The elements Cr, Cs, Na, Ni, U, and V were intermediate in behavior and were placed between classes one and two. Following combustion, trace elements released to the atmosphere in association with particulates may be selectively adsorbed in different particle size ranges (17) and may be enriched on fly ash particle surfaces relative to the interior of the particle (18) .
Coal gasification appears to be the only coal conversion technology that will be on-line by the year 2000 (19) . Trace elements and radionuclides may be released to the environment from gasification primarily from noncombustible solid wastes that will be disposed of in landfills or slurry ponds. Atmospheric releases of volatile or hydride-forming species is a potential but undefined source of trace elements from gasification.
Environmental Transport
Before the effects of coal-derived trace contaminants on man and ecosystems can be evaluated, it is necessary to estimate the transport, transformation, and bioaccumulation of these contaminants as they move from the power plant to the receptor. In addiDecember 1979 tion to determining routes of transport and transformation, rates for these processes also must be determined before we can predict environmental fate and levels of exposure. Information on the physical and chemical characteristics (e.g., particle size, solubility, and valence state) of materials released to the environment is a vital prerequisite to study of transport processes. The following discussions of environmental transport are based in part on an analysis by Crawford et al. (20) .
Atmospheric Transport and Dispersion. Seasonal and annual pollutant concentration fields in the atmosphere can be calculated with reasonable accuracy (within a factor of 2 to 3) at distances of up to 10 km from the effluent source if attention is restricted to simple terrain types and typical daytime atmospheric stability categories (21, 22) . Probability distributions of hourly concentrations from seasonal and annual data can also be calculated with similar accuracy. At longer distances, models can be formulated to account for transport and, to a lesser extent, dispersion. The data required for distances > 10 km are not readily available however, and the models have not been thoroughly validated.
Wet Deposition. Precipitation scavenging of particles and gases has been measured in the neighborhood of coal-fired power plants, and the experimental results are fairly well modelled theoretically, at least for estimates of total mass scavenged. Details of the removal as a function of particle size, however, remain in a primitive state.
To estimate precipitation scavenging on a totalmass basis, two approaches are available. In one, a scavenging rate coefficient which accounts for the particle size of the trace contaminant is used (23) . Estimates of the removal rate for snow scavenging are also available (24) . In the second approach, a wet deposition velocity is derived using washout ratio data (23, 25) . These washout ratios show relatively little variation for the trace contaminants and using them, one can define a convenient wet deposition velocity for typical annual rainfall amounts in the northeastern United States (-100 cm/yr) as approximately 1 cm/sec for trace metals of interest. It is appropriate to use the washout ratio for long-termaverage estimates; the scavenging rate approach should be used for short-term estimates. Methods for including precipitation scavenging in diffusion calculations are available (26) .
Dry Deposition and Resuspension. Dry deposition of particles to smooth surfaces as a function of particle size and turbulence intensity is fairly well known from wind tunnel studies, and theoretical analyses demonstrate a fair understanding of the processes involved. Dry deposition of submicron particles to real surfaces (e.g., grass, shrubs, trees, lakes, etc.) is an unknown. Best available "guesstimates" suggest using a dry deposition velocity for all particles to all real surfaces: Vd = 1 cm/sec. However, different values are obtained for different atmospheric conditions and surface roughnesses.
Resuspension of particles has only recently become of interest in the atmospheric sciences, although much useful information is available in the soil and agricultural science literature. However, in these fields, the emphasis has been more on wind erosion than on the resuspension of submicron particles which is of dominant interest for evaluation of inhalation health effects. In this regard, attention must be paid to bounce-off during the deposition process (27) , resuspension by rain splashing (28) , and freeing of submicron particles from supermicron particles during dissolution in water (29) and by bombardment of larger particles (30) .
Water and Solutes Transport in Soils. For sites downwind from a coal-burning power plant where trace elements or their complexes reach the soil surface by wet or dry deposition from the atmosphere, the most important determinants of their environmental fate are likely to be sorption and desorption on soil particles at the soil surface and the subsequent mobility of these trace elements as a result of soil erosion caused by both wind and water.
The transport of coal-derived trace elements and radionuclides within the soil depends on water movement and chemical reactions within the soil profile. The use of available techniques for predicting and monitoring movements of soil water in the vicinity of a coal-burning power plant depends upon accurate field determinations of the horizontal gradients in the water table head and hydraulic conductivity at the site in question.
When the movement of water through the soil has been characterized, information about chemical and physical reactions which occur simultaneously with the soil water behavior is required in order to predict the retention and transport of trace elements in the soil. Processes of sorption and desorption between the organic and inorganic solid phases of the soil are usually strong and can prevent rapid leaching of these elements into surface and ground waters. On the other hand, some chemical forms of trace substances are repelled from the solid phases and may leach readily with the water. Many reactions in the soil are Eh-and pH-dependent. Some contaminants present in coal waste material may interact with the soil exchange complex and may be far more soluble than one would expect from a simple water extract; others, although highly soluble in water extracts, may precipitate with materials present in the soil.
Environmental Health Perspectives
Processes of erosion and sedimentation represent large portions of the mass flow and should be included in conceptual models and measurements of hydrologic transport (31) .
When the kinds of information described above are available, estimates of the migration of trace elements from land disposal sites that receive slag, scrubber effluent, fly ash, and bottom ash can be made. Vertical and horizontal movements in both the water-saturated and unsaturated zones of the soil can be estimated from the disposal site to the receiving waters.
Transport 
Biological Transport and Transformation
At nearly every point along the physical transport pathways in both aquatic and terrestrial environments, opportunities exist for interactions with the biotic components. Organisms can absorb hazardous elements from their physical environment and dilute, concentrate, transform, and immobilize these materials which may or may not affect ultimate contaminant toxicity. Biological transport plays a major role in determining exposure of organisms to contaminants, but only a minor role in material transport through the environment with little or no effect on contaminant inventory.
Food Chains. Primary producers generally serve as the base of food chains and may accumulate elements through roots (plant uptake), leaves (foliar absorption), absorption through cell walls in aquatic plants, and adsorption on external surfaces. Elements physiologically fixed in plant tissues as opposed to those on plant surfaces or in intracellular water streams may have different properties and behave differently when ingested by consumers (32) . Elements may return to the physical environment through death and leaching, or they may enter food chains through ingestion by consumers. Following ingestion, elements may pass straight through the digestive tract or they may be assimilated. Assimilation rates may vary from < 1% per day for certain elements up to 100o per day for others depending upon both animal and element species in question (33) . Following assimilation, elements are distributed in various tissues at various rates in the consumer's body. Cadmium, for example, tends to accumulate in renal tissues and methylmercury in the central nervous system. Other elements, particularly heavy metals and transuranics tend to be bone seekers. Elimination of elements from various tissues proceeds at various rates and results in release of the chemical into the digestive tract to be eliminated from the consumer through egestion. Consumers may die or they may be consumed by subsequent steps in a food chain. Compounding this simplified picture of a food chain are the biotransformations that may occur, changing the structure and biological activity of chemicals, and the question of direct uptake from surrounding air (inhalation) and water (gill and epidermal absorption).
Soils tend to be the sink for most chemical contaminants released to terrestrial environments. In addition to water relations and soil sorptiondesorption phenomena, microbial interactions and root uptake play major roles in transport and distribution of chemicals in terrestrial systems. Microbes can operate in both aerobic and anaerobic environments and have profound effects on element mobility. From the soil-soil-water continuum plants may accumulate elements through root uptake, a process of both active and passive nature. Plant roots show preferential uptake ofparticular elements and can exclude others at membrane boundaries. Heavy metals entering plant roots are believed to be chelated prior to their movement in xylem and phloem streams (34) .
Typically, aquatic food webs are more complex than those found in terrestrial systems. Adsorptiondesorption of elements on suspended sediments and direct absorption by organisms from water are added parameters in aquatic systems. Chemical contaminants generally reach aquatic environments by direct deposition (disposal), runoff from land surfaces, and leachates in ground water. Chemical and physical reactions among sediments, interstitial water, the water column, and decomposers can affect the routes and rates of transfer as well as the chemical and biological properties of contaminants. Aquatic plants obtain elements from the water column through absorption although surface adsorption is important because of high surface-to-volume ratios found in algae and other phytoplankton. Decomposers may act upon organic matter in anaerobic sediments resulting in release of heavy metals to interstitial waters and their subsequent diffusion into the overlying water mass. Because of the chemical and biological activity present, sediments may act as sources and sinks of chemical contaminants in the aquatic environments.
Biological Concentration. The ability of animals and plants to accumulate chemical contaminants to levels above those of their food source or substrate is a common biological phenomenon. Trace elements, including heavy metals and radionuclides, are accumulated to varying degrees (35) (36) (37) . In aquatic systems, water is typically the reference point, while soil serves a similar role in terrestrial systems. Biological concentration of elements is governed by the amount of element present in the diet or surrounding environment, the chemical and physical forms of the element which determine its biological availability, the quantity of food consumed containing the element, the degree of assimilation of the element through cellular barriers (i.e., cuticle, lung, digestive tract, gills, etc.), and the extent of retention in the organism's tissues. Biological concentration occurs with natural elements for cellular maintenance and growth. It can also occur with hazardous elements when there is a strong chemical or physical resemblance to a common element or molecule which is necessary for everyday life processes (38 (41, 42) .
The biochemical process of methylation of heavy metals and metalloids has received considerable attention in recent years although the reaction was first observed with arsenic in the late 1930's (43) . Methylation is believed to be a detoxification mechanism for converting toxic ions to a more volatile form that will be released to the atmosphere (44) . Several microbial species are capable of performing this transformation in soils and sediments under both aerobic and anaerobic conditions. Methylated forms of trace metals are frequently more toxic and are more readily absorbed by higher organisms than are inorganic forms. Methylation of mercury by microbes in marine and freshwater sediments is the best documented case of this type of biological transformation (35) . Arsenic, selenium, lead, and tin are examples of other toxic elements that undergo methylation (45) .
Higher organisms, including man, are capable of affecting biotransformations of hazardous chemicals. Reactions of Cd and metallothionene in retention of this element in renal tissues are well documented by Friberg et al. (46) .
Biotransformations of hazardous chemicals in the environment are particularly important in determining effects on man and other organisms because the molecular form and biochemistry of these transformed chemicals determine their availability, persistence, bioaccumulation, and toxicity.
Synergisms and Antagonisms. The combined action of two different chemicals may be greater than or. less than the sum of the independent actions of each material. If chemical effects are simply additive, the increase is a simple algebraic addition. If the effect is greater than a simple algebraic addition, then synergism or potentiation has occurred. If the effect is less, antagonism exists. In the case of additive effects, the two compounds have the same points of attack. In potentiation, one compound usually acts on the metabolism of the second compound. The concept of synergism or potentiation covers both increases in usual effects of toxic compounds and production of lesions not observed by the action of either toxic compound alone (47) . Synergisms and antagonisms are important in systems receiving multiple inputs of trace contaminants (i.e., aquatic ecosystems and ground water).
Ecological Effects
Ecological effects of hazardous elements have received increasing attention in recent years (6, 48, 49) , (52) . Western coals generally lack acid-forming substances (i.e., pyrites) which, along with the alkaline nature of western soils and overburden, suggests that acid mine drainage should be minimal in western coal regions. Increased salinity of surface and ground waters in western coal regions appears to be due to soluble salts in mine spoils (53) . Surface coal extraction can also affect ground water resources. Ground water aquifers are commonly intercepted during overburden removal with subsequent effects on ground water flow and quality. Hazardous elements may enter these disturbed aquifers and be mobilized and leached into surface waters.
Ecological effects of coal cleaning and storage are similar in nature but lesser in magnitude to those associated with acid mine drainage from coal extraction. Acid drainage or runoff from refuse piles may affect terrestrial and aquatic systems by lowering pH. Soils surrounding the refuse piles may accumulate potentially toxic levels of trace elements or radionuclides leached from the refuse by acid water. Aquatic environments adjacent to refuse piles can be severely impacted through sedimentation of fines and associated elements (6) . The major long-term impact to terrestrial systems will probably be that the disposal area can only be returned to limited land uses (i.e., wildlife cover, recreation).
Coal pile runoff and leachates contain coal fines, hazardous elements, and humic acids and may be acidic. Terrestrial effects are limited to land under and immediately adjacent to coal piles while aquatic effects including elevated element concentrations and suspended solids will be more widespread. In arid environments, or during dry spells in other areas, fugitive dusts from coal and refuse piles may be suspended in the atmosphere and are subject to deposition on vegetation surfaces and inhalation by animals.
Coal To understand the effects of coal-fired steamplant-derived elements on the aquatic system, it is necessary to quantify discharge of these elements. Calculations reported by Vaughan et al. (48) and Dvorak et al. (6) indicate that the atmospheric deposition of elements derived from coal combustion should exert a minimal influence on the chemical composition of lakes and rivers. The only elements that could be elevated were Hg, Cu, Sn, and Mo. This conclusion was reached despite the use of maximum transfer rates of fly ash deposited on soil and its migration to the drainage streams in the hypothetical watershed. An important additional consideration, however, is the impact of slag and fly ash discharges into the aqueous environment. The basis for this concern is that approximately 32 x 106 tons of fly ash with elevated levels of toxic elements is annually discharged into settling basins situated in close proximity to many coal-fired steam plants (57) . Because it is known that many elements are leached from the fly ash (15) , it is important to determine the mobilization potential of toxic metals from fly ash settling basins to the nation's surface and subsurface waters.
To obtain a better understanding of this mobilization potential, Klein et al. (58) calculated the quantity of elements that were annually discharged prior to 1975 in slag and fly ash to settling ponds and compared these values with data on natural weathering. Results of these comparisons indicate that except for Br, which is almost exclusively emitted as a vapor, the discharge into ash settling basins accounts for more than 1% of the elements mobilized by weathering. Elements such as As, Cd, Co, Cu, Fe, Mo, Ni, Pb, Sc, Se, U, and Zn all exhibit mobilization rates that are larger than 10% of the weathering rate, while rates for Mo, Se, and U are comparable to natural rates. Application of this analysis to more recent information (6, 7, 19) on coal combustion (6.8 x 108 t/yr) and on Cd and Hg concentrations in coal (0.5 and 0.2 ug/g, respectively), in soil (0.2 and 0.03 ug/g, respectively), and in water (0.1 and 0.07 gg/l, respectively), indicates that these elements are currently mobilized in coal combustion at rates equivalent to their natural weathering rates. Cadmium releases are predominantly associated with precipitated fly ash in settling ponds and landfills whereas the majority of the Hg exists in the plant stack with only about 10% going into solid waste disposal sites. Due to these considerations, it would be appropriate to investigate the regional effects of these fly ash-derived elements; that is, do the eleEnvironmental Health Perspectives 236K ments effectively remain in the settling basins or are they injected into the nation's waterways. Until such evaluations have been made, it will be impossible to predict, in a quantitative manner, whether coal-fired steam plants will exert any modification on the chemical composition of the nation's waterways.
The very high pH encountered in ash settling basins may influence the behavior of trace elements if this pH influence extends beyond the confines of the ash settling basin (i.e., into subsurface and surface waters). This high pH results from the hydrolysis of alkali and alkaline earths and may often exceed 1 1. In most ash settling basins it appears that atmospheric C02 diffusion into the water is not rapid enough to lower the pH. One would predict that many metals would precipitate either as hydroxides or by coprecipitation (e.g., calcium carbonate). If settling is not complete, however, particulate matter containing elevated levels of metal carbonates, hydroxides, or sulfates could reach the discharge waters. Upon reaching lower pH discharge waters, these particulates might redissolve, thus producing an increase in available metals to aquatic plants and organisms. Alternatively, high pH effluent waters might produce a beneficial effect, in terms of metal removal, on lakes and rivers with low buffering capacity. The change in pH, however, might also affect the plants and organisms in the receiving waters. These implications should be considered before the impact of coal-fired steam plants on the aquatic ecosystem can be evaluated.
Coal Combustion -Atmospheric Emissions. Coal combustion emissions released through stacks to the atmosphere can be transported over considerable distances (see Environmental Transport section). The ecological effect of hazardous elements associated with these emissions will vary as a function ofchemical and physical form of the element, the site of deposition, and the amount of material deposited. As pointed out earlier, volatile elements in coal include As, Be, Cd, F, Hg, Se, Sb, Br, Cl, Cu, Ga, I, Ir, Mo, Pb, and Zn (16, 58, 59) . All pose some degree of potential hazard to man and might adversely impact the environment at some threshold concentration. The amounts and forms of these elements that exit the stack of a coal-fired power plant are largely unknown and probably vary between plants, depending on the coal source and pollution control technology. The effect of electrostatic precipitators in reducing these emissions is likewise unclear, although some consider a high percentage of these elements should be found in the particulate of the precipitators. Natusch et al. (17) reported that As, Sb, Cd, Pb, Se, and TI preferentially concentrated on particulates in the respirable range, a large part of which is not removed by existing high-efficiency precipitators.
Cannon and Swanson (60) found that concentrations. of trace elements in soils (i.e., Hg, As, Sc, Te, Cd, Be, and Pb) dropped rapidly with distance from the Four Corners Power Plant, and concentrations were lower than those for average soils at distances beyond 3 km. Vegetation within 3 km of the plant had not, within the time span of their study, accumulated significant quantities of these potentially toxic trace elements. The authors concluded that with the installation of more efficient precipitators, the atmospheric trace element emissions from this plant would not be considered harmful to the biota. Horton et al. (61) Soils represent the principal repository of trace contaminants from fossil-fuel combustion over geologic time. Therefore, the soil is the principal medium for long-term exposure of coal effluents to terrestrial plants and animals. The effects of trace metals on important soil microbial processes and the role of soil microorganisms in influencing the longterm availability of trace metals to plants are largely unknown. Inhibition of microbial processes may have important secondary effects on the ecosytem. Furthermore, microorganisms exist predominately in the immediate vicinity of the soil particle where trace metal concentrations are highest. Microorganisms thus have the potential for alteration of the form of the metal through interaction with normal metabolites or by direct conversion processes.
Trace elements have long been known to affect plants. In the case of the essential trace nutrients (Fe, Cl, B, Mn, Zn, Cu, and Mo), a broad range of possible responses exists, ranging from deficiency to toxicity. In the case of the nonessential trace elements, only the no-effect (tolerant) and toxic portions of the dose-response curve are expressed. Under natural conditions, there are examples of plants growing under both deficient and toxic conditions. Whether the trace element emissions from coal-fired power plants can enhance or inhibit plant growth depends on whether these elements will have a significant effect on naturally occurring concentrations. There is no reason to expect acute effects on plants from atmospheric trace element emissions Environmental Health Perspectives from coal combustion systems and little reason to expect acute effects to aquatic systems. The potential for chronic toxicity is relatively low except for particularly toxic elements such as F (66) or in local areas already enriched with a particular element.
Some trace elements combine the properties of high toxicity, a potential for bioaccumulation in food webs, and persistence in the environment. Many of these substances are toxic in sensitive animal species at concentrations that are only slightly above naturally occurring levels (64, 65) . Higher trophic levels, as a result of bioaccumulation, may be affected at "ambient" concentrations that would not be expected to affect plants. Even with these reservations, it is probable that trace elements in emissions have little or no discernible effect on animals. Effects would seem possible only if the emissions that are currently accepted are in error by an order of magnitude. Sublethal, chronic, or synergistic effects of trace contaminants that may be of significance in natural terrestrial animal populations have received little attention (6) . However, because some of the trace elements have been reported to adversely affect soil/litter communities (67) and possibly alter primary productivity (67, 68) , and, in turn, secondary productivity, potential long-term impacts on ecosystems could occur if trace elements emitted from coal combustion persist or accumulate in ecosystems to toxic levels. Physiological and pathological responses of a population to radionuclides and trace elements from coal will reflect the individual's ability to respond and the duration of exposure. Short-term adverse effects will be manifest in those subgroups more sensitive to the pollutant (i.e., children, aged, infirm) as an increased incidence of respiratory diseases, aggravation of preexisting chronic cardiopulmonary diseases, and premature death. Chronic exposure on the other hand may result in an increased incidence of respiratory diseases and cancer in the total population. The major health effects ofconcern relative to coal combustion products include physiological irritation, direct toxicity, carcinogenesis, and physical synergisms. The following discussions center primarily around atmospheric emissions from coal combustion with much less emphasis on solid wastes (ash and slag). This is due to a virtual absence of information about the contribution of coal-ashderived hazardous elements to the ambient levels in man's environment or their subsequent contamination of food or drinking water.
Health Effects
Electrostatic precipitators are typically more efficient for larger diameter particles in flue gas. Particulates existing the power plant stack are generally in the respirable size class. The toxic effect produced by respirable particles depends on the chemical species they contain. Smaller particles tend to be more toxic than larger ones due to size and selective adsorption of heavy metals (17) . Submicron fly ash particles represent a double threat to human health (6); they reach the pulmonary region and remain there for extended time periods, and they can deliver a given concentration of hazardous element to a very localized area thereby magnifying the effect. Coal Extraction, Cleaning, and Storage. Human health effects of hazardous elements associated with coal extraction, cleaning, and storage include inhalation of coal dusts which may contribute to development of black lung (coal worker's pneumoconiosis) (72) , and ingestion of trace elements and radionuclides from drinking water contaminated by acid mine drainage. Acid mine drainage impacts are generally more widespread, and in communities without alternate sources of water, or undeveloped water sources, these impacts can represent a severe problem (6) . Runofffrom coal piles and coal-cleaning wastes contribute to water quality degradation but on a much smaller scale than acid mine drainage. Atmospheric loading of coal particulates arises through resuspension of coal fines from storage piles and from accidental ignition of both coal piles and coal-cleaning waste piles.
Coal Combustion. The radiological impact of coal-fired power plants appears to be adequately evaluated for atmospheric releases (4, 73) . McBride et al. (4) estimated annual release rates for a 1000-MW(e) power plant burning coal at a rate of approximately 100 tons/hr, containing 1 ppm of uranium and 2 ppm of thorium (both assumed to be in secular equilibrium), and releasing 1% of its fly ash to the atmosphere (the average ash release for 1972 was 8%). Under these conditions, 228Th, 232Th, 224Ra, and 212Pb each contribute approximately 5 x 10-3 Ci/yr; 238U, 234U, 230Th, 234Th, 226Ra, 210Pb, 210po, 210Bi each contribute approximately 8 x 10-4 Ci/yr; and 220Rn and 222Rn together account for approximately 1.2 Ci/yr. These release rates were then applied to a population of -3.5 million persons living within a 90-km radius of the power plant. The dose calculations took into account doses from immersion, contaminated ground surface, inhalation, and ingestion, wherein all doses from food and water were derived from within the 90-km radius of the plant (74, 75) .
The following population dose commitments were determined: 10 to 25 man-rem/yr whole body dose and approximately 100 to 240 man-rem/yr bone dose. The corresponding average individual dose commitments were 0.003 to 0.007 mrem/yr and 0.03 to 0.07 mrem/yr, respectively, where the ranges pertain to emission patterns from different stack heights (300-50 m). The maximum individual dose commitment at 500 m from the stack was 1.9 mrem/yr and was independent of stack height. The dose commitment is based largely on 226Ra ingestion and essentially doubles if the U content of the coal is doubled. If bituminous coals are used, the U concentration is often as high as 20 parts per million, so this could increase both the release and dose commitment figures by an order of magnitude, assuming all other factors remain constant.
Of relevance are the data of Martin et al. (50), who measured downwind levels of U from a 1400-MW(e) coal-fired power plant and found fCi/m3 concentrations, implying daily intakes by humans would be of the order of a few femtocuries. Ambient air levels of approximately 400 aCi/m3 of U have been reported, indicating a concentration of about 2 pCi/g for atmospheric dust or approximately 2 ppm by weight, which is not greatly different from the U concentration in fly ash from an average anthracitic coal.
To compare the magnitude of the radiation dose from coal combustion emissions to that from natural background (76) , it is useful to use dose-equivalent rates. On this basis, NCRP (76) indicates that the dose equivalent rate for 226Ra from natural background is about 7 mrem/yr for bone and less than 1 mrem/yr for the whole body. The dose equivalent rate for the whole body from all natural radiation sources is 80 + 40 mrem/yr; the corresponding coal combustion figure would be 7 x 10-3 mrem/yr. Radiation protection limits for whole body irradiation of individuals within a population are set at 500 mrem/yr with an average genetic dose limited to 170 mrem/yr (5 rem in 30 years). A proposed guideline would limit the whole body dose to members of the critical population to 5 mrem/yr from atmospheric releases.
The new EPA Primary Drinking Water Regulation for Radioactivity (40 CFR 141, 1975) limits the 226Ra and 228Ra combined activity to 5 pCi/l., gross a activity to 15 pCi/l., and any combination of 3-a whose concentrations produce a dose equivalent of 4 mrem/yr to the whole body. Whether any of these regulations might be exceeded in the immediate environs of a coal-fired power plant is uncertain. This uncertainty is due to a lack of information concerning the release of radionuclides from solid waste disposal sites which receive in addition to bottom ash and slag, the 92% of the fly ash from combustion that is removed from flue gas by electrostatic precipitators.
Morrow et al. (69) have made estimates of chemical toxicity of nonradioactive trace elements using maximal expected airborne levels 1 m above the ground associated with 0 to 15-,um diameter particles within a 20-km radius of a 1400-MW(e) coal-fired power plant with a plume height of 300 m [see Table  23 of Vaughan et al. (48)]. The predicted air concentrations resulting from their calculations, and presumably good to a factor of 3, were compared to ambient air concentrations, atmospheric standards for population exposures, reference man data for inhalation intakes, and occupational Threshold Limit Values (TLV). By this approach, generally accepted, safe ranges of atmospheric concentrations were established.
Results of their analysis revealed several uncertainties. Three elements [As (III), Cr (VI insol), and Ni carbonyl] are generally accepted as having potential carcinogenic importance, so the general approach used in this tabulation may be inappropriate. For Ni, As, and Cr, a critical question concerns the occurrence and magnitude of the carcinogenic forms of these elements, namely, As (III), Cr (VI insol), and nickel carbonyl, oxide, sulfide, and carbonate in coal combustion effluents. On the basis of the currently available information, Cr (VI) probably occurs; the nature of the nickel compounds is unknown, but the highly volatile carbonyl is assuredly absent from fly ash. For As, the expectation is good for both the III and V oxidation states, but no quantitative findings exist -only the indication that fly ash leachates contain both forms.
The reported teratogenic properties of certain Cd, Se, and Hg compounds, the mutagenic potential of certain Pb and Hg compounds, and the carcinogenic properties of Be and Se (77) are, in general, only demonstrable at high doses or under uncommon circumstances. Consequently they warrant no species concern at this time.
Information on the metallo-organic forms of Hg is lacking, as it is for other elements, but there is little likelihood that they occur in the emissions from coal combustion associated with particulate matter. Even if alkyl mercury were the singular form of Hg emit-ted, its acceptable air concentration indicates that it probably would be unimportant toxicologically.
Because of the uncertainties in the assumptions and models used, the variability in the trace element composition of coal and in the naturally occurring levels at specific power plant sites, Be and F may constitute potential health problems in the immediate environment of coal power plants. Otherwise, the majority of the elemental concentrations calculated by Morrow et al. (69) appear to be one or more orders of magnitude below the "acceptable air concentrations."
Berry and Wallace (2) sampled the plants and soil around a coal-fired electric plant at Moapa, Nevada, burning approximately 100 tons of high ash coal per hour, and concluded that forage and milk from the area could become seriously contaminated if high arsenic coals (> 500 ppm) were used for several decades. Excessive Cd contamination of forage and dairy products also could be envisioned and some concern was expressed regarding F contamination. In other studies of coal power plants, some enrichment of trace elements (e.g., Hg, Sc, and Pb) in soil and plant life has been reported (60, 61) . In the Four Corners study (60) , Pb was found enriched in soils, but no toxic trace metals were found in excess of average soil values at a 3-km distance from the plant.
Comparisons of data from Vaughan et al. (48), Pinkerton et al. (78) and Bolton et al. (62) indicate that the soil build-up of trace metal contaminants will be slow, and allowing order-of-magnitude perturbations in depositions and soil conditions, one would not expect excessive bioaccumulation to occur in plants unless the bioavailability of exogenous fractions is orders of magnitude greater than that of typical soil. There is evidence that exogenous elements are more water soluble, implying greater bioavailability on the one hand and shorter soil retention times on the other. A potentially more important source of water and biotic contamination relates to slag and fly ash disposal. Ponding, ground burial, and other disposal techniques will lead to consequences of greatly different magnitude, and as pointed out earlier, very few data are available in this area. Thus, one of the greatest uncertainties in this health effects evaluation relates to-the potential intake of heavy metal contaminants from water and food exposed to ash disposal effluents.
The first Food and Drug Administration Market Basket Survey (79) indicated that for some metals (e.g., Cd) the dietary intake levels are already approaching tolerable limits. The initial survey estimated the daily intake of five selected metals in ,ug/day for a U.S. adolescent male as follows: As, 10.1; Cd, 51.2; Hg, 2.9; Pb, 60.4; and Se, 149. On the basis of the provisional WHO/FAO tolerated intake limits for heavy metals by adults, the Market Basket Survey estimates for total Hg, Pb, and Cd intake are about 7, 14, and 75%, respectively, of the WHO/ FAO limits. Cadmium has an unusually wide distribution in foodstuffs so that soil levels will be reflected generally in water, fruit, vegetables, meats, and dairy products. In addition, current mobilization of Cd and Hg through coal combustion is near the natural weathering rates for these elements and can be expected to increase with increased coal use.
Trace elements and radionuclides do not exist in isolation in the environment; they are released in association with major coal combustion contaminants (i.e., SO,, NO,, particulates) and may undergo chemical and physical transformations following discharge from power plant stacks. It is probably that such secondary chemical and physical interactions of the major and trace emissions, together with their physiologic interactions with tissues ofexposed persons, may represent a most important aspect of the toxicology associated with combustion of coal. The two following examples illustrate the potential importance of such interactions.
Gaseous pollutants, including SO,, NO,, and 03, that increase the rate of cell proliferation of the tracheal-bronchial epithelium are highly suspect as important promoters or cofactors in the pathogenesis of lung cancer. In a survey of smelter workers exposed to As203, the greatest excess of lung cancer was found in instances where there were accompanying exposures to high to moderate levels of SO2.
Oxidation of SO2 to S04 does not always occur at perceptible rates in the atmosphere. Such oxidation appears to depend on the simultaneous presence of other factors -possibly hydrocarbons from automotive exhaust, or trace metals which may act catalytically. Adverse health effects in sensitive members of the population now appear to be better related to concentrations of sulfate aerosols than to S02. Acidic sulfate aerosols have, theoretically, the potential to combine with heavy metal cations with unknown consequences. Thus a variety of synergistic actions from pollutant mixtures can be anticipated which will cause and/or exacerbate pulmonary dysfunction and chronic cardiopulmonary diseases.
Conclusions Current Situation
Ultimately, trace elements from coal return to the soil or sediment systems whence they originally came. The trace elements and radionuclides in coal naturally occur in soils. Consequently, anthropogenic contributions of these elements in soils Necember 1979 are hard to distinguish from the large natural variability at distances of more than a few kilometers from a particular power plant. The chemical forms of trace contaminants are important determinants of transport and effects, yet most studies have focused on total elemental amounts or concentrations.
Basic concepts and models exist to describe the various pathways of environmental and biological transport. The rates of transport, however, are not well known, nor are input data on climatology, hydrology, and environmental chemistry available for most sites. It is important to obtain improved data on transport and transformation rates, particularly in relevant chemical and biological areas. These data will be essential in determining organism exposure to coal-derived hazardous elements.
Coal In dealing with soil-plant relationships, emphasis should be placed on hazardous elements that enter soil in the highest concentration (e.g., Hg, W, Cd, and V); are soluble and thus more available to plants (e.g., Cu, Hg, and Ni); are mobile in the plant and transported to edible tissues (e.g., Ni, TI, and W); and are most toxic to plant and/or animals and man (e.g., Cd, Ni, F, TI, V, U, and Hg). Furthermore, recognition should be given to the potential benefiEnvironmental Health Perspectivescial effects of Mo, Zn, Cu, and Co in terrestrial systems and to the stimulating effects, particularly in respect to eutrophication, of some of the trace elements in aquatic systems. The major pollutants in stack emissions from coal-fired power plants (SO2, N02, and their transformation products) are of importance in terms of their interactions (synergisms/ antagonisms) with trace elements and radionuclides as well as in terms of their direct effects.
There is an inadequate data base for determining the health effects, present or potential, of the trace elements from coal combustion or conversion plants. There is, however, highly suggestive evidence that some contaminants [e.g., Ni, Cd, Cr (VI), As (III), and F] may constitute potential health problems from either direct toxicity or carcinogenesis. Mercury, Pb, and Cd should be followed closely because current intake levels are near the tolerable intake limits. Radioactive emissions from coal combustion currently contribute < 1% to background radiation dose from all natural sources. However, they could become a health consideration ifbituminous coals with high U content (> 5 ppm) are utilized. Important synergistic effects between certain coal-derived metals and other inorganic and organic substances in the environment can be anticipated, and these may prove important in health effect assessments. In the domain of food and water intake, particularly as affected by ash settling ponds and landfills, no toxicological assessment of trace elements or radionuclides is feasible at this time. However, this should be regarded as a potentially significant health problem area which justifies monitoring of these sites.
National Energy Plan Implications
Implementation of the NEP will result in a doubling of coal extraction and use by 1985 and a tripling by 2000. Industrial boilers currently using gas and oil will switch to coal, and electric utilities will add considerably to their generating capacity through coal combustion. Gasification may become a significant coal consumer before 2000. The NEP calls for application of the Best Available Control Technology (BACT) to new boilers. It is assumed that this application will result in a 1% release of ash from combustion to the atmosphere. Assuming U.S. coals average 5% ash, BACT application in 1985 will result in 0.6 million tons of fly ash released to the atmosphere and 59.4 million tons of solid wastes requiring disposal in settling ponds or landfills. Conversion of industrial boilers to coal will serve to disperse sources of particulates to air and will require additional ash disposal areas. Regional air and water quality may change under this dispersed concept.
Trace element and radionuclide effects on health and the environment must be looked at from the point of view of the impact of the NEP on the coal fuel cycle and the relative contribution of hazardous elements from coal contrasted with other sources of regional and local environmental burdens.
Coal Extraction, Cleaning, and Storage. The NEP will have a direct impact on coal extraction, cleaning, and storage. Doubling and tripling coal production in the next 25 years will result in increases in acid mine drainage. The amount of the increase will depend upon enforcement of current regulations and those promulgated under the Surface Mining and Reclamation Act. With BACT being applied, western coals are less attractive in the east because of high transportation cost and low BTU content even though they are low sulfur coals. Eastern coal (high sulfur) will be used in plants equipped with SO, scrubbers. This leads to a considerable increase in eastern coal mining with attendant acid mine drainage problems. Hazardous elements in mine drainage may reach ground and surface waters with subsequent ingestion by man and other animals. Western coal production will also increase with attendant alkaline mine drainage problems. Coal cleaning, typically restricted to the east and central regions, will increase with leachate and runoff containing hazardous elements moving into ground water. Storage piles will be more widespread with more opportunities for runoff to reach surface waters and perhaps ground waters. Additional mining and cleaning of coal will lead to increased spoils and cleaning wastes. Coal fines from these wastes along with dusts from coal storage areas will serve as fugitive sources of particulates containing hazardous elements to the atmosphere. Depending on local environmental conditions, these particulates may constitute a health hazard. From the point of view of trace elements and radionuclides, the greatest impact of increased coal mining, cleaning, and storage is the additional burden of these elements to air, soil, and water in environments that are already stressed by ambient levels of these and other pollutants. The degree of synergisms occurring among these contaminants is not well known. Potential hazards from elements released in mining and cleaning will be restricted to particular regions, whereas potential hazards from coal storage may exist nationwide.
Coal Combustion -Solid Waste. Application of BACT coupled with a proposed tripling of coal utilization by 2000 will result annually in some 95 million tons of ash requiring disposal. Scrubber sludges for SO, control will add to this solid waste disposal problem. Unless new engineering designs are developed for settling ponds and landfills, direct runoff to surface waters and leachate intrusion into ground water will certainly occur on a larger scale than at present. Trace elements and radionuclides entering surface waters will add to existing burdens and result in degradation of water quality and potential toxic effects on aquatic species. Contamination of drinking water supplies presents a real human hazard for elements such as Cd and Hg which are already near tolerable intake limits, and causes an economic burden in the form of advanced water treatment plants. Although present studies indicate minimal ground water contamination from coal-ash landfills because of attenuation in soils, the national impact of an additional 60 million tons of ash by 2000 will add significantly to the trace element and radionuclide burden in soils and in some cases exceed their buffering capacities, which will lead to accelerated ground water contamination. Further, this additional coal-ash waste will be much more widely distributed across the country as a result of industrial boilers switching to coal added to the new coal-fired boilers put into service. Mobilization of elements through coal combustion already exceeds 10% of natural weathering for several trace toxic elements and can only be expected to increase with increased coal use.
Coal Combustion -Atmospheric Emissions. Particulate emissions from coal combustion and conversion by 2000 are estimated to reach one million tons annually. These emissions will be predominantly in the respirable range and will contribute both trace element and radionuclide insults to plants and animals. Volatile forms of hazardous elements will accompany stack gas emissions. It is difficult to assess the direct health and environmental effects of coalcombustion-derived hazardous elements. Their accelerated release from increased coal use will add, perhaps significantly, to the ambient atmospheric loading from all other sources. Synergistic actions with coal-derived and other organic and inorganic chemicals in the atmosphere will become more important in determining organism response to increased ambient levels. Thus, a major determinant in potential coal-derived hazardous element effects will be the ambient air quality of the region (i.e., industrial vs. rural) receiving the additional burden. The general public health of the U.S. population will be a factor in determining hazardous element effects from the point of view of irritants, co-factors, and physical synergists.
It is unlikely that atmospheric emissions of hazardous elements will have a measurable effect on concentrations in soil, vegetation, and water. In local situations, however, certain trace elements (F) and radionuclides (Rn) may reach levels causing concern because of both increasing coal use and switching to coals containing higher concentrations of these elements or their parents. Because of the ubiquitous nature of Cd and Hg (and perhaps Pb) and the fact that their daily intake already approaches tolerable levels, these elements may become real health hazards from coal utilization.
Recommendations
The ability to assess the health and environmental impacts of trace elements and radionuclides derived from current and future coal utilization depends on a basic understanding of (a) the chemistry and physics of elements in coal and ash in the natural environment (mining), in settling ponds and landfills (solid wastes), and in fly ash (atmospheric emissions); (b) the physical and biological transport through air, soil, water, and organisms; (c) the interactions among emissions and ambient pollutants, water, and other natural environmental chemicals; and (d) the ecological and human health effects of coal-derived emissions both singly and in the presence of other environmental stresses. Once this information is available, it will be possible to determine reasonable trace and radioactive element release rates as functions of both environmental tolerance and costs associated with effluent controls. Until this information is on hand, certain activities should be pursued.
(1) Characterization of concentrations and physicochemical states of specific trace elements and radionuclides in both atmospheric emissions and aqueous effluents from coal combustion and conversion should be performed. These monitoring activities should be carried out even though hazardous elements are not considered criteria pollutants and their release rates are not regulated. Special attention should be given to characterization of elements, including As, Cd, Cu, Hg, Ni, Pb, and Zn, in leachates from ash disposal systems, to the oxidation states and chemical forms of Ni, As, and Cr, to the nature and occurrence of organometallic compounds, and to the levels of Cd, Be, and fluorides in terrestrial environments within 40 km of coal-fired power plants.
(2) An assessment of the contribution of trace and radioactive elements from the coal fuel cycle relative to all other sources should be made to put coalderived hazardous elements in proper perspective. (3) Rapid, reliable methods should be developed to ascertain the movement of water and solutes in the vicinity of coal ash disposal sites.
(4) Watershed-scale mass flow budgets for trace elements from coal mining and processing operations are needed and should be based on both measurement and model simulations.
Environmental Health Perspectives (5) Models should be developed that accurately track and predict atmospheric transport and diffusion of coal-derived emissions over rugged terrain, during very stable conditions, and over long distances. Special emphasis should be applied to dry deposition on natural surfaces.
(6) Information about chemical and physical behavior of specific hazardous elements in soils and water is needed. Data requirements include rates of solubilization and transformation, phase distributions, chemical form, and availability. The rate and extent of solubilization on a regional basis is also needed.
(7) The role of the coal-derived hazardous elements As, Cd, Cr, Cu, Hg, Ni, and Pb in drinking water should be evaluated in terms of toxicological and carcinogenic potential.
(8) Compliance testing of environmental control technologies for atmospheric emissions should be vigorously pursued with emphasis on improving removal efficiencies for particulates in the respirable size range.
(9) Methods of removing hazardous elements, including As, Cd, Cr, Cu, Hg, Pb, and Zn, from waste streams (i.e., acid mine drainage, coal pile runoff, settling pond outfalls) need to be developed to reduce the environmental contribution from coal utilization.
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